ABSTRACT Inherited bacteria Wolbachia, and more recently Cardinium, have received a great deal of attention for their ability to manipulate the reproduction and Þtness of their host species. Wolbachia and Cardinium have been found to co-infect the same host species. In this study, both Wolbachia and Cardinium were found to manipulate host reproduction through cytoplasmic incompatibility and to affect the male-biased sex-ratio in the doubly infected spider mite Tetranychus truncates Ehara. We also investigated effects of double infection with Wolbachia and Cardinium on host fecundity and longevity. Results indicated that Wolbachia and Cardinium increased the fecundity of doubly infected females, although no infection effect on host longevity was observed. Our most important Þnding was that the mating of uninfected mites facilitated the proliferation of Wolbachia and Cardinium in double-infected mites. We discuss the results observed with respect to the spread of bacterial infection in natural populations and the evolution of the endosymbiontÐT. truncates symbiosis.
There has been an explosion of interest in reproductive parasites during recent years. These are vertically transmitted, intracellular bacteria that manipulate their hostsÕ reproductive mode toward the production or survival of infected female hosts and thereby promote their own dispersal (OÕNeill et al. 1997 , Werren 1997 . This interest has focused largely upon the study of one bacterium, Wolbachia, which infects an estimated 25Ð76% of all insect species as well as many other arthropod and Þlarial nematode species (Jeyaprakash and Hoy 2000, Hilgenboecker et al. 2008 ). This bacterium has been proven to be associated with a variety of different manipulations: feminization of male hosts, thelytokous parthenogenesis, induction of cytoplasmic incompatibility (CI) between infected males and uninfected (or differently infected) females, male death, making itself necessary for oogenesis, and, most recently discovered, making itself an obligate nutritional mutualist (Stouthamer et al. 1999 , Dedeine et al. 2001 , Stevens et al. 2001 , Hosokawa et al. 2010 . These phenomena provide infected females with a reproductive advantage, thereby favoring the own persistence and spread of the bacterium into host populations Turelli 1997, Werren and OÕNeill 1997) .
Within the past several years, another inherited bacterium, Cardinium, has received increasing amounts of attention. Cardinium is found in fewer species than Wolbachia (Weeks et al. 2003, Zchori-Fein and Perlman 2004) . Nakamura et al. found 27 of 57 species (47.4%) of planthoppers, nine of 22 species (40.9%) of spider mites, and four of 25 species (16%) of the biting midges Culicoides (Diptera: Ceratopogonidae) to be infected with Cardinium (Nakamura et al. 2009 ). However, these numbers may be underestimates. Cardinium, like Wolbachia, is a reproductive parasite. The reproductive phenotypes caused by infection with Cardinium are strikingly similar to those induced by Wolbachia. Cardinium causes CI in the spider mite Estetramychus suginamensis, the carmine spider mite Tetranychus cinnabarinus (Boisduval), the chicken mite Dermanyssus gallinae (De Geer), the sexual spider mite Bryobia sarothamni Geijskes, the parasitoid wasp Encarsia pergandiella Howard, and the planthopper Sogatella furcifera Horvath (Hunter et al. 2003 , Gotoh et al. 2007 , De Luna et al. 2009 , Ros and Breeuwer 2009 , Xie et al. 2010 , Zhang et al. 2012a . It has been found to cause parthenogenesis in scale insects and in Encarsia hispida De Santis (Zchori-Fein et al. 2001 , Provencher et al. 2005 . It also causes feminization in Brevipalpus phoenicis (Geijskes) (Weeks et al. 2001, Groot and Breeuwer 2006) . However, no male-killing Cardinium have been reported. Infection by multiple symbionts is fairly common (Duron et al. 2008) . Several studies have reported infections of both Wolbachia and Cardinium in a single host, such as mite species, Aphitis species, and planthoppers (Weeks et al. 2003 , Zchori-Fein and Perlman 2004 , Gotoh et al. 2007 , Duron et al. 2008 , Zhang et al. 2012 , Zhu et al. 2012 , Zhao et al. 2013 ). Nakamura et al. reported that 13.6% of 22 spider mite species were infected with both Wolbachia and Cardinium (Nakamura et al. 2009 (Zhu et al. 2012 ). In the doubly infected parasitoid wasp Encarsia inaron, Wolbachia manipulates host reproduction through cytoplasmic incompatibility (CI), but Cardinium does not (White et al. 2011) . However, Cardinium has been shown to induce strong CI, and Cardinium and Wolbachia together cause partial CI, but Wolbachia does not induce CI in doubly infected Sogatella furcifera (Zhang et al. 2012b) . Cardinium alone increased parasitoid survival (and male offspring production), but Cardinium in conjunction with Wolbachia did not do so in the parasitoid wasp Encarsia inaron (Walker) (White et al. 2011) . In the spider mite Bryobia sarothamni, egg production was highest in doubly infected females and signiÞcantly higher than the egg production in singly females infected with either Wolbachia or Cardinium alone, which was not signiÞcantly different from the egg production of uninfected females (Ros and Breeuwer 2009) . Among infected Sogatella furcifera, infection with Cardinium alone shortened the developmental duration of nymphs. However, neither infection with Wolbachia alone or double infection had this effect (Zhang et al. 2012b) . Despite advances in the understanding of the effects of Wolbachia and Cardinium on their hosts, little is known about the host factors that affect the dynamics of the endosymbionts.
The goal of this study was to investigate the interactive relationships between endosymbionts (Wolbachia and Cardinium) and the spider mite Tetranychus truncates Ehara, including the effects of these bacteria on host biology and host factors affecting the dynamics of Wolbachia and Cardinium. To this end, we established an uninfected line (Wolbachia-free and Cardinium-free) and a double-infected line (infected with both Wolbachia and Cardinium) of T. truncates, which is an important pest threatening many agricultural crops and fruit trees in China. We examined the levels of CI induced by double-infection, and compared the longevity, egg hatch rate, and fecundity of the two lines of T. truncates. To improve our understanding of the interactions between the endosymbionts (Wolbachia and Cardinium) and the spider mite T. truncates, we also determined whether the mite inßuences Wolbachia dynamics by measuring the densities of Wolbachia and Cardinium in mites whose mates had different infection statuses. To measure the effects of Wolbachia and Cardinium on the spider mites, 100% infected and 100% uninfected lines were prepared. Females at the teleiochrysalis stage (the last developmental stage before adult emergence) were allowed to lay eggs without being crossed with males. The eggs were reared until adulthood (males). After the males reached sexual maturity, they were backcrossed with their mothers. The resulting female adults were transferred to new leaf discs and allowed to lay eggs for 3Ð5 d. The females were checked for Wolbachia and Cardinium infection status by polymerase chain reaction (PCR) ampliÞ-cation. The eggs were separately reared on new leaf discs depending on the infection status of the mother. This process was continued for three to four generations until a 100% infected population was produced. The eggs of the uninfected mothers were reared to establish an uninfected line. The doubly infected (Wolbachia and Cardinium; I WC ), and uninfected lines (U) were established and maintained for subsequent experiments. No changes in infection status were observed during the experiment.
Materials and Methods

Preparation
DNA Extraction and Diagnostic PCR. DNA was extracted by homogenizing a single adult mite in a 15-l (male) or 25-l (female) mixture of STE buffer (100-mM NaCl, 10-mM Tris-HCl, 1-mM EDTA, pH 8.0), and 2-l proteinase K (10 mg/ml) in a 1.5-ml Eppendorf tube to exclude the inßuence of gender dimorphic body size. The mixture was incubated at 37ЊC for 30 min and then at 95ЊC for 5 min. This method of DNA extraction minimizes the amount of bacterial DNA lost.
To check for Wolbachia and Cardinium infection, all PCR reactions were run in 25-l buffer by using the TAKARA Taq kit (No. R001B; Takara Co., Ltd., Otsu, Shiga, Japan): 16.3-l H 2 O, 2.5 l 10 ϫ buffer, 1.5 l of 25-mM dNTP, 1.5 l of 25-mM MgCl 2 , 0.2-l Taq (1 U), 2-l sample, and 1-l primers (20 pmol each). The primers used in this study were for the Wolbachia wsp gene (Zhou et al. 1998 ): 5Ј-TGG TCC AAT AAG TGATGA AGA AAC-3Ј and 5Ј-AAA AAT TAA ACG CTA CTC CA-3Ј. Reactions were cycled 35 times at 94ЊC for 30 s, 52ЊC for 45 s, and 72ЊC for 1 min. Cardinium was detected using 16S rDNA primers CLO-f1 (5Ј-GGA ACC TTA CCT GGG CTA GAA TGT ATT-3Ј) and CLO-r1 (5Ј-GCC ACT GTC TTC AAG CTC TAC CAA C-3Ј) (Weeks et al. 2003) . These were used to amplify the Ϸ450 bp. Each PCR was run for one cycle at 94ЊC for 2 min, followed by 35 cycles at 94ЊC for 30 s, 57ЊC for 30 s, 72ЊC for 30 s, and a Þnal extension of 5 min at 72ЊC.
For samples that were not ampliÞed by Wolbachia and Cardinium-speciÞc primers, primers par COI-forward and COI-reverse were used to amplify mitochondrial DNA as a positive control for template DNA quality (Navajas et al. 1996) . The PCR products were electrophoresed in a 1.0% agarose gel in TBE/EtBr for 40 min at 60 mA and then photographed on a UV transilluminator.
Cross Experiments. To determine the effects of double infection (Wolbachia and Cardinium), we carried out cross experiments between infected and uninfected mites. Single females at the teleiochrysalis stage (the last developmental stage before adult emergence) were placed with a 1-to 3-d-old adult virgin male from either the same or a different culture on the same leaf disk. Males were discarded 2 d after the females reached adulthood. The mated females were allowed to oviposit for 5 d. The eggs on the leaf discs were checked daily to determine hatchability, survival rate to immature stages, and sex ratio (% daughters). Fecundity was estimated as the total number of eggs laid during the Þrst 5 d. Data were analyzed using one-way analysis of variance (ANOVA), and means were compared using the Tukey HSD test (SPSS 17.0). To normalize the data, log transformation was used to assess the number of eggs laid per female, and arcsine square-root transformation was used for egg hatchability, survival rate, and female ratio.
Effects of Double-Infection on Host Fecundity and Longevity. The effects of double infection on female fecundity were tested by comparing the number of eggs laid in 5 d by infected and uninfected females in crosses involving infected and uninfected males.
We measured age-speciÞc survival of the U and I WC lines by placing a total of 25 virgin females and 25 virgin males of the same infection status on the same leaf. Three leaves were used for each infection status. Adult females were monitored at 24-h intervals, during which dead mites were removed and counted. The test was stopped when all the mites had died. Survival curves for individual mites were compared using the KaplanÐMeier method and log-rank test (SPSS 17.0).
Bacterial Density Measurements. Bacteria densities were measured in the Þrst 12 d of the life span of females and males. Copy numbers of Wolbachia and Cardinium in individual mites were estimated using quantitative polymerase chain reaction (quantitative PCR or Q-PCR). Quantitative PCR was carried out using an ABI PRISM 7300 Sequence Detection System (Applied Biosystems, Foster City, CA). The 20-l reaction mixture consisted of 10 l 2 ϫ SYBRq Premix Ex Taq (Applied Biosystems), 0.4-l 10 mM of each primer, 0.4 l 50 ϫ ROX Reference Dye, 2-l DNA template, and 6.8-l H 2 O in single wells of a 96-well plate (Applied Biosystems).
For the selective ampliÞcation of a small portion of the Wolbachia wsp gene (112 bp) and Cardinium 16S rDNA gene (133 bp), the following primers were designed and used: wolQ-F (5Ј-CTC GTT ACT TCG GTT CTT ATG GC-3Ј), wolQ-R (5Ј-TTA AAC GCT ACT CCA GCT TCT GC-3Ј); cardQ-F (5Ј-CCT GGG CTA GAA TGT ATT TTG-3Ј), cardQ-R (5Ј-AAA GGG TTT CGC TCG TTA TAG-3Ј). PCR primers and probes were designed using Primer 5. The Q-PCR cycling conditions included one cycle at 95ЊC for 10 s followed by 40 cycles of 95ЊC for 5 s and 60ЊC for 31 s, and Þnally one cycle of 95ЊC for 15 s, 60ЊC for 1 min, and 95ЊC for 15 s.
DNA of single mites was extracted using the method described above. Three replicates were run and averaged for each DNA sample. Negative controls were included in all ampliÞcation reactions. Standard curves were plotted using a 10-fold dilution series consisting of 10 Ϫ7 to 10 Ϫ3 dilutions of the DNA standards prepared from plasmid DNA. The quality and concentration of all puriÞed standard DNA were measured using OD absorbance at 260 nm. The number of molecules in all samples was determined from the threshold cycles in the PCR based on the standard curve.
To obtain mites from different mating patterns, newly emerged infected females and males were kept separately and divided into three groups. Mites in the Þrst group were kept alone to obtain virgin males and females. Mites in the second group were kept with the infected mates for 24 h. Mites in the third group were kept with the uninfected mates for 24 h. This procedure was designed to avoid the potential effects of repeated consecutive mating. Eight mites each were collected at 1, 4, 8, and 12 d after hatching. The dynamics of Wolbachia and Cardinium densities in mites of different mating patterns were compared through analysis of the data of these four age groups by using one-way ANOVA. Means were compared using the Tukey HSD test (SPSS17.0).
Results
PCR Detection of Wolbachia and Cardinium in Spider Mites.
Sixteen out of 40 mites in each rearing group found to be positive for both Wolbachia and Cardinium infection in a PCR assay. However, we did not discover any individuals infected with either Wolbachia or Cardinium alone. As a result, we established two lines, a 100% uninfected line (U) and a 100% double-infected line (both Wolbachia and Cardinium, Iwc).
Strength of Cytoplasmic Incompatibility. Egg hatchability differed signiÞcantly across the four groups. The predicted incompatible cross (&U ϫ (Iwc) showed signiÞcantly reduced hatchability (Table 1). On average 20.05% of all eggs hatched, against 93.15Ð96.73% in compatible crosses, indicating that Wolbachia and Cardinium showed a high levels of CI in this T. truncates population. SigniÞcant differences also were found in the sex ratios of the four crosses. The male-biased sex ratio was observed in the incompatible cross between uninfected females and infected males. However, no signiÞcant difference was found in the mortality of offspring of the four crosses.
Effects of Wolbachia and Cardinium on Host Fecundity. To exclude the inßuence of any infectioninduced differences in male fertility, we compared the number of eggs laid in the Þrst 5 d by infected and uninfected females crossed with uninfected males (Table 1) . The results showed the fecundity of doubly infected females (Iwc/U, [35.67 Ϯ 0.88]) to be signiÞcantly higher than the fecundity of uninfected females (U/U, [26.81 Ϯ 1.34]), indicating that Wolbachia and Cardinium can promote the fecundity of infected females (P Ͻ 0.001).
In addition, we compared the fecundity of the infected females mated with uninfected males to that of infected females mated with infected males. The results showed that infected females mated with uninfected males (Iwc/U, [35.67 Ϯ 0.88]) laid signiÞcantly more eggs than infected females mated with infected males (Iwc/Iwc, [22.08 Ϯ 0.84]) (P Ͻ 0.001), indicating that infected males strongly depress the fecundity of their infected mates.
Effects of Wolbachia and Cardinium on Host Longevity. The effects of Wolbachia and Cardinium on host longevity were tested by comparing the life spans of doubly infected and uninfected females. The results are presented in Fig. 1 . The survival curve showed no difference in longevity between doubly infected ([18.20 Ϯ 1.23] days) and uninfected females ([18.43 Ϯ 1.47] days) ( 2 ϭ 0.341, df ϭ 1, P ϭ 0.559), indicating that double infection has no effect on female host longevity.
Wolbachia and Cardinium Densities. To measure the relationship between the host mating behavior and the density dynamics of Wolbachia and Cardinium, we measured the densities of Wolbachia and Cardinium in mites of different mating patterns and different ages (Fig. 2) . Wolbachia and Cardinium were found to replicate most rapidly in older hosts in doubly infected females mated with uninfected males (Fig.  2a,b) . When the doubly infected males mated with uninfected females, the densities of Wolbachia and Cardinium increased signiÞcantly (Fig. 2c,d) . In doubly infected virgin females that mated with doubly infected males, the densities of Wolbachia and Cardinium remained almost unchanged as the hosts aged. In doubly infected males, both remaining unmated and mating with infected females caused the densities of Wolbachia and Cardinium to decline signiÞcantly with host age. To our knowledge, this is the Þrst report on the effects of host mating behavior on the dynamics of Wolbachia and Cardinium in any doubly infected spider mite.
Discussion
The ability of Wolbachia and Cardinium to manipulate the reproduction and sex ratio of their host species contributes to the prevalence of Wolbachia and Cardinium infections within arthropods and marks them as reproductive parasites. Here, in the spider mite T. truncates, Wolbachia and Cardinium were found to induce a high level of CI, here expressed as a strong reduction in egg hatchability and a strongly male-biased sex ratio in crosses between uninfected females and doubly infected males. The observed pattern suggests that the CI type induced by both Wolbachia and Cardinium was female mortality, which is consistent with the Wolbachia-inducing CI in Nasonia and the spider mites Tetranychus urticae Koch and Tetranychus turkestani Ugarov & Nikolski (Breeuwer 1997 , Vavre et al. 2000 , Bordenstein et al. 2003 , Mouton et al. 2005 . All mites used in this study were doubly infected or kept uninfected using natural methods and no antibiotics. This allowed the exclusion of extrainterferential factors. The interactions between Wolbachia and Cardinium could not be investigated here because of the absence of singly infected lines.
In this study, doubly infected spider mites showed more pronounced higher fecundity than uninfected individuals. This observation, combined with the strong CI induced by both Wolbachia and Cardinium, can stimulate the spread of doubly infected spider mites. Previous studies have reported that the fecundity of several species can be increased by Wolbachia (Fry et al. 2004) . Xie et al. found that, relative to uninfected mites, infected female Tetranychus urticae mites from a Hunan population in China showed enhanced fecundity associated with the infection of Wolbachia (Xie et al. 2011) . Fecundity-enhancing Wolbachia strains also were found in Trichogramman and Aedes albopictus (Skuse) (Vavre et al. 1999 , Dobson et al. 2004 . Cardinium also has been reported to increase the fecundity of the predatory mite Metaseiulus occidentalis (Nesbitt) (Weeks and Stouthamer 2004 ). In the spider mite Bryobia sarothamni, fecundity was the highest in doubly infected females, as indicated by comparison of the egg production of singly (Wolbachia or Cardinium), doubly, and uninfected females (Ros and Breeuwer 2009). Fast et al. showed that Wolbachia infection leads to an increase in the mitotic activity of germline stem cells and a decrease in programmed cell death in the germarium. This provides some insight into the cellular mechanisms underlying WolbachiaÕs effects on host fecundity (Fast et al. 2011) . Cardinium probably affects host fecundity in a similar way, but further experimentation is required. Findings regarding the survival effects of Wolbachia have been conßicting (Carrington et al. 2009 ). Infection with Wolbachia has been shown to both decrease and increase the longevity of infected females in different studies (Min and Benzer 1997 , Reynolds et al. 2003 , Xie et al. 2011 Zhao et al. 2013) . Other studies showed no signiÞcant effects (Xie et al. 2011) . Cardinium increased survival in several host species, such as the predatory mite Metaseiulus occidentalis, the stored-product pest Liposcellis bostrychophila Badonnel, and the parasitoid wasp Encarsia inaron (Wang et al. 2008 , White et al. 2011 , Wu and Hoy 2012 . However, in our study, double infections with Wolbachia and Cardinium were found to have no effect on the longevity of the spider mite T. truncates. From an evolutionary perspective, bacteria and their hosts represent components of a dynamic, interactive system that can evolve rapidly (Weeks et al. 2007 ). The different effects of Wolbachia on hosts have been attributed to several factors, including Wolbachia strain and nuclear background (Ros and Breeuwer 2009, Carrington et al. 2010) . These factors can also explain the inconsistent effects of Cardinium on host fecundity and longevity observed in the studies described above.
The most important Þnding in this study is that host reproduction is inßuenced by the dynamics of Wolbachia and Cardinium in doubly infected spider mites (T. truncates). When the doubly infected mites mated with infected mites or remained unmated, the densities of Wolbachia and Cardinium showed only limited ßuctuations as the hosts aged. In contrast, mating with uninfected mites was found to promote the proliferation of Wolbachia and Cardinium in the double-infected mites. Similarly, according to the fecundity results, the fecundity of double-infected females that mated with uninfected males was signiÞcantly higher than the fecundity of double-infected females that mated with double-infected males. Our Þndings may have implications for the persistence and spread of Wolbachia and Cardinium in populations. Based on the analysis of these phenomena, we conclude that the uninfected males can promote the spread of Wolbachia and Cardinium by enhancing the fecundity and increasing bacterial density (Wolbachia and Cardinium) in doubly infected mates. Meanwhile, mating with uninfected females was found to increase the densities of Wolbachia and Cardinium in doubly infected males, causing doubly infected males to experience stronger CI. This allowed Wolbachia and Cardinium to spread rapidly through the spider mite population. The Wolbachia and Cardinium-mite system here offered a unique perspective for the study of the developmental dynamics of host and symbiosis. This may foster unique theories that may illustrate the role of uninfected individuals in the expansion of bacterial infection.
Wolbachia have evolved a remarkable variety of strategies, ranging from manipulation of reproduction in favor of females to classical mutualistic interaction, to facilitate adaptation to their hosts (Charlat et al. 2003) . Wolbachia may promote evolutionary changes in the hosts, including driving changes in sexuality and altering reproductive ecology (Bandi et al. 2001) . Cardinium has been found to induce almost the same effects in its arthropod hosts and may have co-evolved with its hosts in a similar way. Our results indicate that uninfected individuals play a stimulative role in the prevalence of Wolbachia and Cardinium. This role favors the evolutionary success of the symbiosis of the bacteria and T. truncates. Understanding the relationships among the endosymbionts and their hosts may facilitate use or control of these microorganisms as a means of controlling arthropod pests and vectors and for the control of Þlarial diseases.
